Recently we have established that the kidney tubular epithelium is repaired by surviving epithelial cells. It is not known, however, whether a population of intratubular adult progenitor cells are responsible for this epithelial repair after acute kidney injury. In this study, we used an unbiased DNA analog-based approach that does not rely on candidate markers to track multiple rounds of cell division in vivo. In the proximal tubule, robust thymidine analog incorporation was observed postinjury. Cell division was stochastic and enriched among cells that were injured and dedifferentiated. There was no evidence for the presence of a population of specialized progenitors that repeatedly divide in response to injury. Instead, these results indicate that after injury, new epithelial cells arise from self-duplication of surviving cells, most of which are injured. Because the renal papilla contains DNA label-retaining cells and has been proposed as a stem cell niche, we examined the proliferative behavior of these putative progenitors after ischemiareperfusion injury. Although label-retaining cells in the renal papilla diminished with time after ischemia-reperfusion injury, they neither proliferated nor migrated to the outer medulla or cortex. Thus, nonlethally injured cells repopulate the kidney epithelium after injury in the absence of any specialized progenitor cell population.
Recently we have established that the kidney tubular epithelium is repaired by surviving epithelial cells. It is not known, however, whether a population of intratubular adult progenitor cells are responsible for this epithelial repair after acute kidney injury. In this study, we used an unbiased DNA analog-based approach that does not rely on candidate markers to track multiple rounds of cell division in vivo. In the proximal tubule, robust thymidine analog incorporation was observed postinjury. Cell division was stochastic and enriched among cells that were injured and dedifferentiated. There was no evidence for the presence of a population of specialized progenitors that repeatedly divide in response to injury. Instead, these results indicate that after injury, new epithelial cells arise from self-duplication of surviving cells, most of which are injured. Because the renal papilla contains DNA label-retaining cells and has been proposed as a stem cell niche, we examined the proliferative behavior of these putative progenitors after ischemiareperfusion injury. Although label-retaining cells in the renal papilla diminished with time after ischemia-reperfusion injury, they neither proliferated nor migrated to the outer medulla or cortex. Thus, nonlethally injured cells repopulate the kidney epithelium after injury in the absence of any specialized progenitor cell population. D uring adult homeostasis, kidney cell proliferation is very low (1) . After acute injury, kidney epithelial cells rapidly reenter the cell cycle and this high proliferative capacity has been interpreted to reflect an intrinsic ability of surviving epithelial cells to adapt to the loss of neighboring cells by proliferating, ultimately replacing the cells that died as a result of the insult (2, 3) . This process has been proposed to occur by a process of dedifferentiation of the surviving proximal tubule epithelial cells. This model has been challenged by more recent data (reviewed in ref. 4) , including the description of adult renal stem and progenitor cells in lower vertebrates (5, 6) , which suggest a role for resident stem or progenitor cells in kidney repair. Here we examine the replicative history of renal epithelial cells to address this important question.
To clarify the origin of reparative epithelia after acute kidney injury, we previously used genetic lineage analysis and determined that extratubular cells do not appreciably contribute to epithelial repair after acute kidney injury (7) , ruling out the possibility of a bone marrow-derived or renal interstitial cell-derived epithelial progenitor cell population. These findings do not exclude the existence of an intratubular progenitor cell, however, because such a cell would have been labeled by our genetic strategy. Recent evidence indicates that such an intratubular epithelial progenitor could exist. In renal papilla, epithelial slow-cycling label-retaining cells (LRCs) have been characterized, and proposed to migrate toward the cortex during renal repair (8, 9) . In the murine renal cortex, candidate stem-cell markers including label retention (10, 11) , Oct4 expression (12) , podocalyxin promoter activity (13) , and NFATc1 expression (14) , have been suggested to identify epithelial progenitors, and the identification of Kruppel-positive intratubular progenitors in Drosophila malpighian tubules provides indirect support for this concept (15) .
The purpose of this study was to distinguish between proximal tubule repair by a specialized intratubular progenitor population or by self-duplication of surviving epithelia. To evaluate these two possibilities, we adapted and validated a DNA analog-based lineage analysis technique to track sequential rounds of renal epithelial cell division after ischemia-reperfusion injury (IRI). This unbiased approach was used to trace the fate of cortical tubule cells and papillary LRCs and to ask whether a rapidly proliferating progenitor population among surviving epithelial cells could be detected. The results indicate that cell division in the cortex and outer medulla occurs predominantly among injured and dedifferentiated epithelial cells, and this proliferation is stochastic and reflects self-duplication rather than selective activation of an intratubular epithelial progenitor population. Furthermore, papillary LRCs do not contribute to proximal tubule epithelial cells after acute injury.
Results
Validation of Thymidine Analog Assay Specificity. To accurately quantify two sequential rounds of DNA synthesis in the same cell, we used the thymidine analogs, 5-chloro-2-deoxyuridine (CldU) and 5-iodo-2-deoxyuridine (IdU), in a strategy validated in solid organs, including pancreas (16), heart (17) , and adult, uninjured kidney (18) . To assess the specificity of CldU and IdU in our renal IRI model, we performed unilateral IRI and killed mice 48 h after injury. Three hours before being killed, the mice were injected with either IdU alone, CldU alone, or the combination of IdU and CldU. A protocol was optimized that allowed for specific detection of each thymidine analog during repair. Using this optimized protocol (see Materials and Methods), kidney sections from all three conditions were costained with both anti-IdU and anti-CldU antibodies. In mice that received IdU alone, strong IdU-positive nuclei were detected in the outer medulla with no CldU positivity (Fig. 1A) . Similarly, mice that received CldU alone showed strong CldU nuclear staining but no IdU signal. In mice that received both IdU and CldU, there was excellent concordance between nuclear IdU and CldU signal. This experiment shows that our thymidine analog protocol exhibits excellent specificity for distinguishing IdU and CldU nuclear staining.
Slow Cycling Cells Identified by CldU Retention. Stem cells retain DNA labels either through slow cycling or asymmetric segregation of chromosomes. The latter theory, also called the "immortal-strand hypothesis," proposes that stem cells avoid the accumulation of mutations that arise during DNA replication by retaining parental DNA strands during asymmetric cell division (19) . In kidney, the renal papilla has been identified as a site of DNA LRCs and therefore proposed as a stem cell niche (8) . We next asked whether CldU could be used to identify such LRCs, and to do so we briefly pulsed newborn mice with CldU and chased for 8 wk in a protocol similar to that used by others to identify LRCs in adult mouse and rat kidney (Fig. 1B) (8, 9, 20) . As expected, LRCs were located primarily in the tip and midportion of the renal papilla, where they represented 8.5 ± 1.0% (average ± SE) of tubular cells, with ∼80% of LRC in an aquaporin-2-positive collecting duct, and the rest in noncollecting duct epithelia, such as NKCC2-positive cells of the thick ascending limb of the loop of henle (Fig. 1C) .
Cells That Proliferate After Ischemia Reperfusion in the Cortex and
Outer Medulla Are Not LRCs. In the outer medulla and cortex, there was a very low number of tubular LRCs, and this number did not significantly change after IRI, indicating that there are very few LRCs in the cortex or outer medulla and papillary LRCs do not migrate from the papilla toward the cortex (Fig. 2  A-C) . In contrast, substantial IdU incorporation could be detected beginning 24 h after injury and increasing thereafter, from 0.3 ± 0.1% in uninjured cortex to 26.9 ± 4.1% of tubular cells by 48 h after IRI (Fig. 2D) . Similar results were obtained when mice were subject to bilateral IRI and analyzed 48 h after IRI (Fig. S1 ).
LRCs in Papilla Tip and Midportion Do Not Proliferate or Migrate to
Cortex After Injury. To determine whether papillary LRCs selectively proliferate after injury, as would be expected for a progenitor population, mice that had received pulsed CldU at P1 and P2 were subject to unilateral IRI at 8 wk of age. IdU was administered 3 h before being killed, which was performed at 12, 24, 36, and 48 h after IRI ( Fig. 2A) . Papillary LRCs were readily detected in uninjured kidneys. After IRI, the number of papillary LRCs gradually decreased from 8.5 ± 1.0% before injury to 4.6 ± 5.6% of tubular cells 48 h after injury ( Fig. 2 B and C) . No IdUpositive cells were observed in uninjured papilla, and very rare IdU-positive cells were found in the papilla by 48 h after IRI at 0.2 + 1.4% of tubular nuclei, but no papillary cells were positive for both CldU and IdU ( Fig. 2 B and D) . These results suggest that papillary LRCs in the tip and midportion of the papilla do not proliferate in the first 48 h following IRI.
Although recent data refute the immortal-strand hypothesis in the best-characterized adult stem-cell population-hematopoietic stem cells (21) There was a dramatic increase in IdU-positive epithelial cells in the cortex, but only few cells in papilla divided after IRI. *P < 0.05, **P < 0.01, cortex compared with papilla. (E) Using the cell-cycle marker Ki67, there was a dramatic increase in cycling cells in cortex during repair, but very few Ki67-positive cells in renal papilla. *P < 0.05, **P < 0.01, cortex compared with papilla.
sibility that papillary LRCs did not incorporate IdU because they retain the older, CldU-labeled, DNA strands. To address this possibility, we costained papilla and cortex for the mitogenic marker Ki67, which shows nuclear staining in cells that have entered the cell cycle. If papillary LRCs selectively proliferate during repair even as they retain CldU-labeled chromosomes, they will still appear as Ki67-positive cells within the papilla. Although Ki67-positive cells in the cortex increased from 0.6 ± 0.2% to 40.0 ± 7.0% by 48 h after IRI (P < 0.0001), there was a very modest increase in papilla, from undetectable in uninjured papilla to 0.5 ± 2.8% at 48 h after injury (Fig. 2E ) (P = NS). No papillary cells were observed to be positive for both CldU and Ki67 at any time point, indicating that papillary LRCs do not selectively proliferate after IRI.
By 48 h after IRI, there were occasional collecting ducts and noncollecting tubules located in the papilla base and inner medulla, where the majority of epithelial nuclei were Ki67-positive (Fig. 3A) . To determine whether these proliferating cells derived from CldU-positive LRCs, we costained for CldU and Ki67. Although occasional CldU-positive LRCs could be found in this region, some even adjacent to these "chains" of proliferating cells (Fig. 3B) , we did not detect any epithelia positive for both CldU and Ki67. Because we did not observe CldU-positive cells that were also positive for either IdU or Ki67 in the papilla tip or midportion, these results together suggest that the chains of Ki67-positive cells in the papilla base do not derive from LRC.
Proximal Tubule Cell Division After Injury Is Stochastic. To test whether an intratubular progenitor cell is responsible for generation of new proximal tubule epithelia after IRI, we treated mice with a single injection of CldU 24 h after unilateral IRI followed by a single injection of IdU 45 h after IRI with killing at 48 h (Fig. 4A) . If an intratubular progenitor selectively proliferates during repair, its progeny will divide rapidly and thereby incorporate both CldU and IdU. Surviving epithelial cells that are not progenitors will not divide at all, leaving a large population of double-labeled cells. In contrast, if proximal tubules repair by self-duplication of all surviving epithelial cells, proliferation will be random, and the fraction of double-labeled cells will be low and can be predicted by multiplying the percentage of CldU-positive cells times the percentage of IdU-positive cells (Fig. 4A) . CldU is cleared within hours under normal conditions, and by separating the CldU and IdU injections by 21 h we attempted to minimize the possibility that double labeling with this experimental protocol could simply reflect slow clearance of CldU (21) .
CldU was administered 24 h after IRI and IdU was administered 45 h after IRI, just before killing at 48 h (Fig. 4B) . Few CldU-or IdU-labeled nuclei were seen in uninjured kidney. At (E) The number of Ki67-positive cells was more than double the number of CldU-positive cells; however, very few cells were positive for both CldU and Ki67, and this number was significantly less than that predicted if cell division were stochastic. *P < 0.05. n = 3 mice for each condition. (Scale bar, 25 μm.) 48 h after injury, there were 22.0 ± 2.3% CldU-positive and 14.8 ± 0.7% IdU-positive nuclei (Fig. 4C ). There were 4.8 ± 0.6% copositive nuclei, a fraction that was not different from the 3.2 ± 0.2% copositive nuclei predicted if cell division is stochastic (predicted = CldU% × IdU%).
Because Ki67 staining identifies cells that have reentered the cell cycle, including those in G1 that have not progressed through the S-phase, we also measured Ki67 staining in this experiment. All IdU-positive cells were expected to be Ki67-positive, and this is what we observed (Fig. 4D) . Cells that were Ki67-positive but IdU-negative represent cells in G1 that have not yet progressed through the S-phase. When we examined CldU and Ki67, few copositive cells were observed: although 16.9 ± 3.5% of proximal tubule nuclei were CldU-positive and 40.9 ± 4.2% were Ki67-positive, only 2.7 ± 1.7% stained for both CldU and Ki67, a number that was significantly less than the 7.0 ± 1.32% predicted. These results indicate that within the first 48 h after injury, at least 55% (CldU% + Ki67% − copositive%) of outer medullary epithelia have either reentered the cell cycle (Ki67 expression) or completed the S-phase (CldU uptake).
Cell Division Occurs Primarily in Injured and Dedifferentiated Epithelia. Our results indicate that most if not all proximal tubule epithelial cells are capable of proliferating after injury but do not answer whether injured but surviving epithelia or uninjured bystanders are more likely to proliferate after IRI. To address this question, we costained for CldU, IdU, and Kidney Injury Molecule-1 (Kim-1), an apical phosphatidylserine receptor that is strongly induced in injured proximal tubule epithelia and undetectable in uninjured kidney (22, 23) . We found that 75.0 ± 18.1% of CldU-positive cells and 72.3 ± 8.9% of IdU-positive cells coexpressed Kim-1 (Fig. 5A) (P < 0.05 for both, compared with Kim-1-negative cells). Because Kim-1 is not expressed in thick ascending limbs or collecting ducts, this fraction may be an underestimate because we did not exclude these segments from the analysis and some portion of cells in those tubule segments may proliferate after injury.
To corroborate this finding, we next investigated whether dividing epithelia expressed Pax-2, a transcription factor transiently expressed during renal development that is reexpressed in dedifferentiated proximal tubule after acute injury (24, 25) . Of the Ki67-positive epithelial cells, 74.3 ± 7.2% coexpressed Pax-2 ( Fig. 5B) (P < 0.001 compared with Pax-2-negative cells), consistent with a previous observation that BrdU/Pax-2 copositive cells can be found in rat tubules after acute injury (26) . Reduced or mislocalized expression of basolateral Na/K/ATPase, a marker of terminal epithelial differentiation, is an additional marker of epithelial dedifferentiation (27, 28) . We analyzed the expression pattern of the Na/K/ATPase 24 h after ischemia-reperfusion in mice that received BrdU 3 h before being killed. We observed substantially reduced or absent basolateral Na/K/ATPase expression in 71.9 + 15.4% of BrdU-positive cells (Fig. 5C ) (P < 0.05 compared with cells with normal Na/K/ATPase). Taken together, these results indicate that the majority of proliferating epithelial cells are injured and dedifferentiated in the repairing kidney.
Discussion
There are three main findings from the present work. First, epithelial proliferation after ischemic injury occurs by self-duplication of differentiated cells, not by an intratubular progenitor cell mechanism. Second, the cells most likely to proliferate within the proximal tubule are those that are injured and dedifferentiated rather than uninjured bystanders. Third, our data do not suggest that slow-cycling cells in the papilla proliferate or that they or their progeny migrate to the proximal tubule after IRI.
The CldU/IdU-labeling technique does not rely on candidate stem-cell markers to identify putative progenitors and this allowed an assessment of the replicative history of slow-cycling cells in the papilla, which lack any other distinguishing marker aside from thymidine analog retention itself. Indeed, papillary LRCs express markers of terminal differentiation, such as aquaporin-2, which is not consistent with a progenitor cell identity that should be undifferentiated. The nondependence on stem-cell markers is an important attribute of this technique because it is well-known that the injured cell can dedifferentiate and express a host of proteins in vivo that are typical of earlier stages of development. Furthermore, once the cells are placed in culture they also assume markers of early development, which likely do not reflect pluripotency and stem-cell character in vivo.
If an intratubular epithelial progenitor located within a proximal tubule contributed substantially to the generation of new epithelial cells during repair, most proliferating epithelial cells should have been positive for both CldU and IdU. We observed infrequent copositive cells at a frequency that was not different from what would occur if cell division were stochastic. The fraction of CldU-and Ki67-copositive cells was even lower, and may be the more accurate reflection of epithelial proliferative history in our experiment because we cannot rule out that unilateral IRI might have slowed clearance of CldU leaving a low concentration present as IdU was injected, which would tend to increase the number of CldU-and IdU-copositive cells. Such slow clearance would bias our results toward a small increase in double-labeled cells, as has been previously reported (21) . The observation that proximal tubule cells undergo cell cycle arrest after division in growing rats is consistent with our low mea- sured frequency of CldU-and Ki67-copositive cells after IRI (18) . Taken together, our observations do not support even a minor contribution of specialized intratubular progenitors to epithelial repair.
We determined that a majority of proliferating cells after IRI were injured and dedifferentiated because dividing cells coexpressed Kim-1 and Pax-2, and had reduced and mislocalized expression of the Na/K/ATPase. The induction of injury marker expression among repairing epithelial cells has implications for the interpretation of experiments analyzing putative adult epithelial stem-cell markers after injury. If a candidate stem-cell marker is induced in terminally differentiated cells after injury, then it is an injury marker and not a stem-cell marker. For example, NFATc1 was described recently as an intratubular progenitor cell marker in well-performed experiments that showed an important role for NFATc1 in recovery from acute injury (14) . Because lineage-marked NFATc1-positive cells expanded after injury, these cells were interpreted as progenitors. However, our results argue against the existence of an intratubular progenitor and therefore suggest that expansion of NFATc1-Cre-labeled cells may reflect induction of nFatc1 promoter activity in injured cells that subsequently proliferatesimilar to Kim-1-rather than selective clonal expansion of an intratubular progenitor.
Although thymidine analog-based pulse-chase has been used to identify stem cells in the hematopoietic system (29) , skin (30) , mammary gland epithelium (31) , and heart (32), this technique also has limitations. Label retention is neither sensitive nor specific for identifying stem cells: less than 6% of hematopoietic stem cells retain label, and fewer than 0.5% of LRCs in the hematopoietic system are in fact stem cells (21) . These findings raise the possibility that papillary LRCs are a similarly heterogeneous population and that we might have missed the small number of LRCs that are truly renal progenitors. Although we cannot rule this possibility out, it seems unlikely because we did not observe cycling papillary LRCs, either in the tip and midportion or in the papilla base. Moreover, even if the papillary LRCs that are progenitors are rare, we should have been able to detect their progeny (even if they migrated out of the papilla tip) using our dual-labeling approach. We did not find evidence for such a "transit-amplifying population" anywhere in the kidney.
It has been proposed that papillary LRCs migrate from the tip to its base, where they undergo proliferative expansion. Although we did observe tubules in this region where almost all nuclei were Ki67-positive, they did not derive from papillary LRCs because we could not detect cells copositive for CldU and either IdU or Ki67 in the papilla tip, midportion, or base. We also did not observe a corresponding uptake of IdU in the region where we observed chains of Ki67-positive epithelial cells, suggesting that these cells may be progressing through G1 very slowly or are potentially arrested in G1 as a consequence of DNA damage or reactive oxygen species (33) . In any case, the results do not support these Ki67-positive cells as direct participants in outer medullary proximal tubule repair in the first 48 h after injury.
Papillary LRCs decreased after IRI. The reasons for this finding, consistent with other reports (8) , are unclear. We found very little cell division in papilla so dilution of label through DNA synthesis cannot explain the loss of LRCs. There is very little apoptotic cell death in papilla as well (8) . We do not find evidence for a migration of papillary LRCs to the cortex, but these LRCs might be migrating out of the kidney entirely. Although the mechanism for this finding requires further investigation, we did not find any evidence that the loss of papillary LRCs after IRI reflects mobilization of a progenitor pool through proliferation or migration to outer medulla. This conclusion is consistent with a recent study that proposed that papillary label retention reflects the early quiescence of papilla during development rather than a stem-cell pool (34) .
In summary, we have shown that proximal tubule epithelial cells expand by self-duplication of surviving cells, not by replication of a specialized intratubular progenitor pool. Most of these cells are injured. In the future it will be important to understand the molecular mechanisms regulating epithelial dedifferentiation and proliferation after acute injury.
Materials and Methods
Animal Experiments. All mouse studies were performed according to the animal experimental guidelines issued by the Animal Care and Use Committee at Harvard University. Male C57Bl6 mice, aged 8 to 10 wk were anesthetized with pentobarbital sodium (60 mg/kg body weight) before surgery. At least three mice for each time point were used. Body temperatures were controlled at 36.5 to 37.5°C throughout the procedure. Kidneys were exposed through flank incisions, and mice were subjected to ischemia by clamping the renal pedicle with nontraumatic microaneurysm clamps (Roboz), which were removed after 27 min. One milliliter of 0.9% NaCl was administered intraperitoneally 2 h after surgery.
CldU (Sigma-Aldrich) and IdU (MP Biomedicals) were made fresh as 20-mg/mL stocks in sterile 0.9% saline warmed to 45°C, as described (35) . Thymidine analogs were injected at 50 mg/kg intraperitoneally. Mice were anesthetized, killed, and immediately perfused via the left ventricle with icecold PBS for 2 min. Kidneys were hemisectioned and fixed in 10% neutral buffered formalin at 4°C for 16 h and mounted in paraffin sections, taking care to orient the papilla for optimal sectioning.
Immunofluorescence Microscopy. Detection of CldU and IdU was accomplished using modifications of published protocols (16, 18, 36) . Paraffin sections (4 μM) were rehydrated, nuclear membranes permeabilized with 0.2% Triton X-100 in PBS for 5 min, and antigens retrieved by treatment with heated citrate (Antigen Unmasking Solution; VectorLabs). After blocking in 5% normal goat serum in PBS, sections were incubated overnight at 4°C with both mouse anti-BrdU (which binds IdU strongly but CldU weakly, clone B44, 1:200; Becton-Dickenson) and rat anti-BrdU (which binds to CldU but not IdU, clone BU1/75, 1:1,500; Abcam). Next, slides were incubated in warmed high-salt TBS-T buffer (0.5 M NaCl, 36 mM Tris-HCl, 0.5% Tween-20, pH 8) and incubated with shaking at 225 rpm, 37°for 20 min. Secondary antibodies with minimal cross reactivity to other species were used. FITCconjugated goat anti-mouse IgG (Jackson Laboratories) was used to reveal IdU, and Cy3-conjugated goat anti-rat IgG (Jackson Laboratories) was used to reveal CldU, both at 1:500.
The following additional antibodies were used: aquaporin-2 (Rabbit,  1 Quantification of Labeled Tubular Cells. Two areas of kidney were quantitated for thymidine analog uptake. The combined outer medulla and inner cortex were assessed because this is the region with most proliferative activity after IRI. In papilla, the mid-and tip-regions were examined and counted together, because these are the regions where LRC depletion with aging occurs, suggestive of the true papillary progenitor niche (9) . Ten high-power fields from each mouse were examined from each kidney region, and epithelial cell nuclei counted based on DAPI staining. Interstitial cell nuclei were not counted. CldU, IdU, and copositive cells were and expressed as a percentage of the total number of tubular epithelial cells as assessed by DAPI-positive intratubular nuclei.
Statistical Analyses. The results are expressed as the means ± SEM. Nuclei were counted from 10 high-power fields for each kidney, and each experiment consisted of at least three mice per group. Statistical analyses were performed using two-way ANOVA followed by a Bonferroni test. P values less than 0.05 were considered to be significant.
